Upon exposure to genotoxic stress, mammalian cells respond in a variety of ways that include initial transcriptional inhibition, cell cycle arrest, and DNA repair responses to preserve genomic integrity ([@r1][@r2][@r3]--[@r4]). Initial transcriptional inhibition is believed to be required, in part, for avoiding collision with the DNA repair machinery and for mounting a proper repair response ([@r2], [@r3]). Several different mechanisms have been described for transcriptional inhibition and include 1) inhibition of transcription initiation from promoters and 2) ubiquitylation of elongating RNA polymerase II (Pol II hereafter) and consequent degradation through proteolytically cleaved Def1-mediated recruitment of Elongin--Cullin E3 ligase complex ([@r5][@r6][@r7]--[@r8]), which is widely known as the "mechanism of last resort." A role for limiting Pol II in overall transcriptional inhibition was further substantiated through in vitro transcription assays using nuclear extract of ultraviolet (UV)-irradiated cells, which showed that Pol II is a critical limiting component in overall transcriptional inhibition ([@r9]). However, initial recognition of DNA lesions by the ongoing transcriptional machinery is an important step for mounting a transcription-coupled nucleotide excision repair response for overall repair of damaged DNA. Two elegant studies have recently described a role of dose-dependent release of Pol II from promoter regions for recognition of DNA lesions and subsequent repair immediately following UV treatment ([@r10], [@r11]). Upon sensing DNA lesions, the elongating Pol II machinery stalls and subsequently helps in recruiting factors to repair the damaged DNA. Thus, it is quite obvious that factors associated with elongating Pol II could play an important role in overall transcriptional inhibition as well as repair-related response.

Among the many elongation factors, the recently described super elongation complex (SEC) has gained significant attention in relation to its role in transcriptional regulation. Human SEC was described as a megadalton complex containing elongation factors P-TEFb (a heterodimer of CyclinT1 and CDK9) and ELL in association with AFF1 or AFF4, AF9 or ENL, and EAF1/2 ([@r12][@r13][@r14]--[@r15]). With the exception of P-TEFb components and EAF1/2, all other SEC components are frequently fused with the N terminus of mixed lineage leukemia (MLL) to give rise to MLL fusion proteins that ultimately result in acute forms of myeloid and lymphoid leukemia ([@r16], [@r17]). Among all of the SEC components, the AFF1 and AFF4 paralogues are presumed to play a scaffolding role for overall SEC assembly and function. Genome-wide chromatin immunoprecipitation sequencing (ChIP-Seq) analyses have shown a significant presence of SEC components within the coding regions of target genes, suggesting that the SEC components may travel with elongating Pol II and that associated functions may have important implications for the overall regulation of transcription elongation ([@r18], [@r19]). Indeed, the SEC component ELL has been shown to stimulate transcription elongation by Pol II through suppression of transient pausing at pause sites within the coding region ([@r20], [@r21]). Therefore, it can be envisaged that the elongation activity of Pol II could also be temporally altered through modulation of SEC component activities during exposure to genotoxic stress. However, precise mechanisms of temporal regulation of transcription through SEC components are completely unknown.

A recent study has described a role for ELL in transcriptional restart after initial inhibition upon UV damage, whereas ATM-mediated phosphorylation of ENL has been shown to inhibit transcription around double-strand break (DSB) sites through recruitment of the PRC1 complex ([@r22], [@r23]). However, global transcriptional inhibition upon exposure to genotoxic stress through modulation of SEC activity is completely unknown. In this regard, and since AFF1 plays a scaffolding role in overall SEC assembly, it can be hypothesized that SEC assembly, and thus its function, can be regulated temporally through temporal modulation of AFF1. Consistent with this hypothesis, we report that human AFF1 is acetylated specifically by p300 both in vitro and within mammalian cells. Acetylation of AFF1 is shown to reduce its interaction with other SEC components and to reduce P-TEFb−mediated phosphorylation of the Pol II CTD in vitro, thus indicating a negative role of AFF1 acetylation in transcriptional activation. Interestingly, reexpression of wild-type (WT), but not acetylation mimic mutant, AFF1 restores SEC component recruitment and target gene expression in AFF1 knockdown cells. Finally, consistent with a negative role of AFF1 acetylation in transcriptional regulation, dynamic AFF1 acetylation is strongly correlated with transcriptional inhibition observed upon exposure of cells to genotoxic reagents.

Results {#s1}
=======

AFF1 Protein Is Specifically Acetylated by p300 within Mammalian Cells. {#s2}
-----------------------------------------------------------------------

Although SEC components have been well documented with respect to functions in transcriptional regulation, temporal regulation of SEC functions for transcriptional control is unclear. To address this issue, we focused on AFF1 in view of its proposed function as a scaffolding protein for overall SEC assembly ([@r13], [@r15], [@r24][@r25][@r26]--[@r27]). Posttranslational modifications of proteins play important roles in dynamic and temporal regulation of a variety of transcription factors that include p53 ([@r28]). Since AFF1-interacting partners CyclinT1 and CDK9 have been shown to be regulated by p300-mediated acetylation ([@r29][@r30]--[@r31]), we initially tested whether AFF1 could also be acetylated by p300 within mammalian cells. Cotransfection of AFF1 and p300-expressing plasmids in 293T cells ([Fig. 1*A*](#fig01){ref-type="fig"}, input lanes) and subsequent immunoprecipitation and immunoblot analyses using pan-acetyl lysine-specific antibody showed a robust p300-dependent acetylation ([Fig. 1*A*](#fig01){ref-type="fig"}, compare lane 3 with lane 4 of IP samples). Since the AFF1 paralogue AFF4 also shows functional activity similar to that of AFF1 ([@r15]), we tested whether AFF4 might also be subject to p300-mediated acetylation. As shown in [Fig. 1*B*](#fig01){ref-type="fig"}, although ectopic AFF4 and p300 were well expressed (input lanes), no AFF4 acetylation was observed in this assay. Since mammalian cells contain multiple acetyl transferases that have been reported to acetylate nonhistone proteins for their functional regulation, we assessed the enzyme specificity of AFF1 acetylation in cell-based assays. As shown in [Fig. 1*C*](#fig01){ref-type="fig"}, among the 4 acetyl-transferases (p300, MOF, GCN5, and PCAF) that were initially tested, only p300 could acetylate AFF1 protein within mammalian cells. Interestingly, and surprisingly, a subsequent analysis also showed an inability of the p300-related CBP to acetylate AFF1 within mammalian cells ([Fig. 1*D*](#fig01){ref-type="fig"}), further indicating a p300-specific acetylation of AFF1.

![The p300-specific acetylation of AFF1 within mammalian cells. (*A*) Analysis of AFF1 acetylation by p300. The 293T cells were cotransfected with indicated plasmids, and acetylation of AFF1 protein was assessed by immunoblot of anti-FLAG immunoprecipitates using pan-acetyl lysine-specific antibody. (*B*) Analysis of AFF4 acetylation by p300. The 293T cells were cotransfected with indicated plasmids, and acetylation of AFF4 protein was assessed by immunoblot of anti-FLAG immunoprecipitates using pan-acetyl lysine-specific antibody. (*C*) Analysis of the specificity of AFF1 acetylation by various acetyl transferases. The 293T cells were cotransfected with indicated plasmids, and acetylation of AFF1 protein was assessed by immunoblot of anti-FLAG immunoprecipitates using pan-acetyl lysine-specific antibody. (*D*) Analysis of AFF1 acetylation by CBP. The 293T cells were cotransfected with CBP- and p300-expressing plasmids, and acetylation of AFF1 protein was assessed by immunoblot of anti-FLAG immunoprecipitates using pan-acetyl lysine-specific antibody. AFF1 acetylation by p300 was used as a positive control in this experiment. (*E*) Analysis of AFF1-specific domains acetylated by p300. The 293T cells were cotransfected with indicated plasmids containing various AFF1 domains and p300. Acetylation was monitored as described above. The topmost band (marked by red dot) indicates the target protein, while the bottom bands are degradation products. (*F*) Analysis of the subcellular localization of AFF1 domains. The 293T cells were transfected with indicated AFF1 domain expressing plasmids. Nuclear and cytoplasmic fractions were prepared, and the presence of individual AFF1 fragments was analyzed by immunoblot with anti-FLAG antibody. The topmost band (marked by red dot) indicates the target protein, while the bottom bands are degradation products. (*G*) Analysis of an intracellular interaction of ectopic AFF1 and p300 proteins. The 293T cells were cotransfected with AFF1- and p300-expressing plasmids, and anti-FLAG immunoprecipitates were immunoblotted with anti-FLAG and anti-MYC antibodies. (*H*) Analysis of an intracellular interaction of endogenous AFF1 and p300 proteins. Endogenous AFF1 was immunoprecipitated using AFF1-specific antibody, and p300 was detected by immunoblotting using p300-specific antibody. (*I*) Analysis of p300-interacting AFF1 domains. The 293T cells were cotransfected with plasmids expressing p300 and indicated AFF1 fragments. Anti-FLAG immunoprecipitates were immunoblotted with anti-FLAG and anti-MYC antibodies. The topmost band (marked by a red dot) indicates the target protein in this experiment, while the bottom bands are degradation products.](pnas.1907097116fig01){#fig01}

Toward understanding a functional role for AFF1 acetylation in transcriptional regulation, we first identified AFF1 domains that could be acetylated by p300. Different domains of AFF1 have been shown to interact with different SEC components ([@r14]). The C-terminal end of AFF1 interacts with AFF4, whereas the extreme N terminus is involved in the interaction with P-TEFb. The AFF1 transactivation and AF9/ENL interaction domains are closer to the N and C termini, respectively. To map acetylated domains, 293T cells were cotransfected with plasmids expressing p300 and various AFF1 domains. The results show no loss of acetylation with a C-terminal deletion to residue 1,012, but a complete loss of acetylation with a further deletion to residue 812 ([Fig. 1*E*](#fig01){ref-type="fig"}, lanes 15 and 16), thus suggesting acetylation sites within residues 813 to 1,012. However, 2 C-terminal fragments (301 to 1,211 and 701 to 1,211) containing these regions showed only modest acetylation when compared to full-length AFF1 ([Fig. 1*E*](#fig01){ref-type="fig"}, lanes 19 and 20), further suggesting that p300-mediated acetylation within the 813 to 1,012 amino acids also requires an additional N-terminal domain. Since the C terminus of AFF1 also contains its nuclear localization signal, we wondered whether defects in AFF1 acetylation in other fragments might reflect their inability to localize to the nucleus for proper acetylation. Consistent with this hypothesis, a localization study clearly showed that the AFF1 acetylation-defective fragments (1 to 812, 1 to 412, and 1 to 212) are primarily localized in the cytoplasm ([Fig. 1*F*](#fig01){ref-type="fig"}). Since the functional activity of p300 is primarily restricted to the nucleus ([@r32]), an inability of the AFF1 fragments to enter nuclei may also explain the absence of acetylation signals in those fragments ([Fig. 1*E*](#fig01){ref-type="fig"}).

Since AFF1 is specifically acetylated by p300 within mammalian cells, we asked whether AFF1 could interact with p300. Cotransfection of 293T cells with AFF1 and p300 plasmids and subsequent immunoprecipitation analysis showed an interaction between ectopically expressed AFF1 and p300 ([Fig. 1*G*](#fig01){ref-type="fig"}, lane 4). To rule out interaction artifacts arising from overexpression, we immunoprecipitated endogenous AFF1 protein in 293T cells with an AFF1-specific antibody and confirmed by immunoblot an interaction between endogenous AFF1 and p300 ([Fig. 1*H*](#fig01){ref-type="fig"}). To identify the specific AFF1 domain that interacts with p300, 293T cells were cotransfected with AFF1 fragment- and p300-expressing plasmids. Subsequent coimmunoprecipitation and immunoblot analyses showed that, whereas an AFF1 fragment between amino acids 301 and 700 is important for AFF1 interaction with p300 ([Fig. 1*I*](#fig01){ref-type="fig"}, compare lane 9 with lane 10), a fragment (1 to 812) containing this region itself fails to interact with p300 ([Fig. 1*I*](#fig01){ref-type="fig"}, lane 6). These results indicate that, along with region 301 to 700, an additional region beyond residue 812 is also important for AFF1 interaction with p300. Therefore, based on all these results, we conclude that human AFF1 protein interacts with and is acetylated by p300 through a mechanism that involves multiple AFF1 domains.

AFF1 Is Directly Acetylated at Specific Regions by p300 in Vitro. {#s3}
-----------------------------------------------------------------

To address whether AFF1 is a direct target for p300-mediated acetylation, we purified AFF1 and the p300 HAT domain following expression from baculovirus and bacterial vectors, respectively ([Fig. 2*A*](#fig02){ref-type="fig"}). An in vitro acetylation assay and subsequent immunoblot with pan-acetyl lysine-specific antibody showed p300-dependent acetylation of AFF1 ([Fig. 2*B*](#fig02){ref-type="fig"}, compare lane 2 with lanes 4 to 6), thus confirming AFF1 as a bona fide target for p300-mediated acetylation. To map the acetylated domains, AFF1 fragments were expressed from baculovirus vectors, purified ([Fig. 2*C*](#fig02){ref-type="fig"}), and tested for acetylation by p300. The results show that, except for the N-terminal 1 to 212 fragment, all other fragments were acetylated by p300. The discrepancy between these results (notably acetylation of the 1 to 812 and 1 to 412 fragments) and those of the cell-based assays indicating C-terminal domain-restricted acetylation could reflect the cytoplasmic localization of corresponding nonacetylated fragments in the cell-based assays ([Fig. 1*E*](#fig01){ref-type="fig"}). Further, the observed in vitro acetylation of the AFF1 701 to 1,211 fragment ([Fig. 2*D*](#fig02){ref-type="fig"}, lane 13) that shows no interaction with full-length p300 within mammalian cells ([Fig. 1*I*](#fig01){ref-type="fig"}) likely reflects less stringent in vitro conditions and an AFF1 (fragment) interaction with the truncated p300 HAT domain that was used in the assay system ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). However, the combined in vitro and cell-based assays agree with respect to p300-mediated acetylation of a C-terminal region but not the N-terminal 1 to 212 fragment that interacts with P-TEFb.

![Site-specific acetylation of AFF1 by p300 in vitro. (*A*) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS/PAGE)--Coomassie staining showing purified AFF1 and p300 HAT domain proteins. AFF1 and p300 proteins were expressed in baculoviral and bacterial systems, respectively, purified, and resolved by 10% SDS/PAGE and stained by Coomassie brilliant blue. (*B*) Acetylation of purified AFF1 by the p300 HAT domain. Acetylation of AFF1 (in A) was monitored by immunoblot using pan-acetyl lysine-specific antibody. (*C*) SDS/PAGE--Coomassie staining of purified AFF1 domains. Indicated AFF1 fragments were expressed through baculovirus vectors, purified and analyzed as in *A*. (*D*) Acetylation of purified AFF1 domains by the p300 HAT domain. Acetylation of AFF1 domains (in C) was monitored by immunoblot with pan acetyl lysine-specific antibody. The target protein band is indicated by a red dot in this experiment. (*E*) SDS/PAGE--Coomassie staining of purified AFF1 (901 to 975) fragment and mutant derivatives. Proteins were expressed in bacteria, purified, and analyzed as in *A*. (*F*) Acetylation of AFF1 (901 to 975) and mutant derivatives by p300. Acetylation of AFF1 mutants (in *E*) was monitored by immunoblot using pan acetyl lysine-specific antibody.](pnas.1907097116fig02){#fig02}

To refine the mapping of acetylated domains, smaller bacterially expressed and purified AFF1 fragments ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)) were tested. Although the majority of these fragments were acetylated by p300 in vitro ([*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)), a shorter fragment containing 901 to 975 amino acids showed higher acetylation relative to most other fragments ([*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental), lane 10). Importantly, expression of larger fragments containing this region also showed acetylation in 293T cells ([Fig. 1*E*](#fig01){ref-type="fig"}, lanes 19 and 20). Therefore, we conclude that human AFF1 is directly acetylated by p300 in vitro and that, despite broader acetylation events, the region between residues 901 and 975 may potentially contribute more significantly to overall acetylation by p300 both in vitro and within cells. The subsequent focus on this region (below) is justified by the finding of specific acetylated residues critical for function.

Identification of Specific Residues within AFF1 for p300-Mediated Acetylation. {#s4}
------------------------------------------------------------------------------

To identify specific amino acids within the 901 to 975 region of AFF1 that are targeted for p300-mediated acetylation, we initially carried out sequence alignments to identify lysine residues that are conserved across multiple species ([*SI Appendix*, Fig. S1*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental), red letters). AFF1 901 to 975 fragments with lysine to alanine mutations at these sites were expressed, purified ([Fig. 2*E*](#fig02){ref-type="fig"}), and tested for acetylation by p300. The K972A, K973A, and K975A mutations abolished p300-mediated acetylation ([Fig. 2*F*](#fig02){ref-type="fig"}, lanes 7 and 8), and other mutations showed no significant effects on overall acetylation. Thus, we conclude that one or more of the K972, K973, and K975 residues are critical targets for p300-mediated acetylation of the AFF1 fragment (901 to 975) fragment in vitro.

To address the specific nature of these acetylation events, a peptide that spans residues 969 to 977 ([Fig. 3*A*](#fig03){ref-type="fig"}) was subjected to acetylation by p300 and subsequent mass spectrometric analysis. The results showed 2 peaks corresponding to 2 acetylation events in the unmodified peptide ([Fig. 3*B*](#fig03){ref-type="fig"}, compare masses in the presence and absence of p300). Subsequent analyses using peptides containing lysine to alanine mutations showed that, whereas K972A and K973A mutations independently affected dual acetylation events ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}), the K975A mutation failed to show any effect on overall acetylation when compared to the WT peptide ([Fig. 3*E*](#fig03){ref-type="fig"}, compare with [Fig. 3*A*](#fig03){ref-type="fig"}). Thus, we conclude that AFF1 K972 and K973 are acetylated by p300 in vitro. Based on these analyses, joint K972R and K973R mutations were introduced into the mammalian AFF1 expression plasmid. Cotransfection of 293T cells with p300 and WT or mutant AFF1 expression plasmids showed significantly reduced acetylation of mutant AFF1 relative to WT AFF1 ([Fig. 3*F*](#fig03){ref-type="fig"}). Therefore, based on our in vitro and cell-based assays, we conclude that human AFF1 is acetylated by p300 in at least 2 conserved lysine residues (K972 and K973).

![Mass spectrometric analysis of p300-mediated in vitro acetylation of AFF1 using peptides from the 969 to 977 region. (*A*) Amino acid sequence of AFF1 961 to 980. Peptide sequences used in the in vitro acetylation assay are indicated in red. (*B*) Mass spectrometric analysis of p300-dependent acetylation of WT AFF1 peptide. Two peaks with masses corresponding to mono- and di-acetylation events are observed. (*C*) Mass spectrometric analysis of p300-dependent acetylation of mutant (K972A) AFF1 peptide. A single peak with a mass corresponding to a monoacetylation event is observed. (*D*) Mass spectrometric analysis of p300-dependent acetylation of mutant (K973A) AFF1 peptide. A single peak with a mass corresponding to a monoacetylation event is observed. (*E*) Mass spectrometric analysis of p300-dependent acetylation of mutant (K975A) AFF1 peptide. Two peaks with masses corresponding to monoacetylation and diacetylation events are observed. (*F*) Analysis of WT and mutant (K972R, K973R) AFF1 acetylation by p300 in 293T cells. Cells were transfected with indicated plasmids, and anti-FLAG immunoprecipitated samples were analyzed by immunoblot using pan-acetyl lysine-specific antibody.](pnas.1907097116fig03){#fig03}

p300-Mediated Acetylation Reduces AFF1 Interaction with SEC Components within Mammalian Cells. {#s5}
----------------------------------------------------------------------------------------------

Many transcription factors are known to be functionally modified by acetylation ([@r33]). For example, within the SEC components, p300-mediated acetylation of CyclinT1 and CDK9 has been shown to positively regulate transcription, whereas CDK9 acetylation by GCN5 negatively regulates transcriptional activity ([@r29][@r30]--[@r31]). Toward an understanding of a potential role of p300-mediated AFF1 acetylation in transcriptional regulation, we initially tested whether AFF1 acetylation would have any effect on its interaction with other SEC components. To this end, 293T cells were cotransfected with AFF1- and p300-expressing plasmids, and an AFF1 immunoprecipitate was analyzed. The results confirmed the previously observed AFF1 acetylation (above) but also revealed a decrease in acetylated AFF1 interactions with most SEC components relative to control (unacetylated) AFF1 ([Fig. 4*A*](#fig04){ref-type="fig"}, immunoprecipitate immunoblot \[*Middle*\] and normalized quantitation \[*Right*\]). This reduction is specific, since, in the same assay, we failed to observe a significant effect of acetylation on the AFF1 interaction with its heterodimeric partner AFF4. Next, we asked whether the reduced interaction of AFF1 with other SEC components is indeed a result of site-specific acetylation by p300. We generated 2 AFF1 mutant plasmids in which the target K972 and K973 amino acids were changed either to arginine (K972R and K973R) to maintain charge or to glutamine (K972Q and K973Q) to mimic acetylation. Notably, the arginine mutations did not affect AFF1 interactions with cognate SEC components ([Fig. 4*B*](#fig04){ref-type="fig"}, compare IP blots in lane 2 and lane 1), whereas the glutamine mutations dramatically decreased AFF1 interactions with tested SEC components (lane 3 vs. lane 1). Our results, overall, indicate that p300-mediated site-specific acetylation of AFF1 residues K972 and K973 results in reduced AFF1 interactions with other SEC components, thus suggesting a negative role for p300-mediated AFF1 acetylation in transcription.

![Site-specific acetylation of AFF1 by p300 reduces its interactions with SEC components both in vivo and in vitro. (*A*) Effect of p300-mediated AFF1 acetylation on interactions with SEC components. (*Left* and *Middle*) The 293T cells were cotransfected with indicated plasmids (top), and anti-FLAG immunoprecipitates were analyzed by immunoblot with antibodies indicated on the right. (*Right*) Quantitation of factor binding to acetylated AFF1 relative to nonacetylated AFF1. Normalization was done with respect to immunoprecipitated FLAG-AFF1 signal in each lane. (*B*) Effects of point mutations on intracellular interactions of AFF1 with SEC components. The 293T cells were transfected with indicated plasmids (top) and anti-FLAG immunoprecipitates were analyzed by immunoblot with indicated antibodies (right). (*C*) In vitro interactions of purified AFF1 and SEC proteins. Immobilized GST-fusion proteins were incubated with purified FLAG-AFF1 (top) and bound proteins were monitored by immunoblot with anti-FLAG antibody (bottom). (*D*) Experimental strategy for showing a direct effect of AFF1 acetylation by p300 on factor binding in vitro. (*E*--*G*) Effects of AFF1 acetylation on AFF1 interactions with SEC components. Analyses were carried out according to the scheme in *D* and show interactions with (*E*) AF9, (*F*) ELL, and (*G*) P-TEFb. Bound GST-tagged proteins were monitored by immunoblot. (*H*) Effect of AFF1 acetylation on CTD phosphorylation by P-TEFb. In vitro kinase assays were carried out with the indicated purified recombinant proteins, and reaction products were monitored by immunoblot with antibodies indicated on the right. (*I*) Effect of overexpression of AFF1 acetylation mimic mutant (K972Q, K973Q) on global Pol II CTD phosphorylation. The 293T cells were transfected with indicated AFF1-expressing plasmids, and Pol II CTD phosphorylation was monitored by immunoblot with indicated antibodies.](pnas.1907097116fig04){#fig04}

p300-Mediated Acetylation Directly Inhibits AFF1 Interaction with SEC Components in Vitro. {#s6}
------------------------------------------------------------------------------------------

Based on the results of our cell-based assays, we next asked whether AFF1 acetylation could directly affect its interaction with cognate partner proteins within the SEC. To first identify SEC components that directly interact with AFF1 in vitro, glutathione *S*-transferase (GST)-tagged SEC components and FLAG-AFF1 were expressed, purified ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)), and tested for interactions by coimmunoprecipitation. Consistent with our earlier observation of AFF1--partner protein interactions in Sf9 cells ([@r15]), our in vitro analyses also showed direct interactions of FLAG-AFF1 with GST-tagged ELL, AF9, and P-TEFb, but not GST alone ([Fig. 4*C*](#fig04){ref-type="fig"}, compare IP blots in lane 2 and lanes 5 to 7). This direct interaction is specific, since, in the same assay, FLAG-AFF1 failed to show any interaction with GST-tagged EAF1 ([Fig. 4*C*](#fig04){ref-type="fig"}, lane 2 vs. other lanes). Consistent with an earlier reported study ([@r34]), we also observed a weak interaction between GST-tagged Pol II CTD repeats and AFF1 in this assay ([Fig. 4*C*](#fig04){ref-type="fig"}, lane 2 vs. lane 4).

Based on the direct interaction data above, we next asked whether prior acetylation of AFF1 by p300 would inhibit its interaction with cognate partner proteins in vitro. To address this issue, we followed an experimental strategy ([Fig. 4*D*](#fig04){ref-type="fig"}) in which an immobilized FLAG-tagged AFF1 was acetylated by p300 plus acetyl-CoA, washed extensively to remove any remaining p300, and incubated with purified GST-tagged proteins. Control assays were the same except for omission of acetyl-CoA. As shown in [Fig. 4 *E--G*](#fig04){ref-type="fig"} (lanes 1 and 3 vs. lanes 2 and 4), AFF1 acetylation was readily observed in the presence, but not the absence, of added acetyl-CoA. Notably, whereas the nonacetylated AFF1 retained interactions with AF9, ELL, and P-TEFb complex (lane 3), acetylated AFF1 showed significant reductions in interactions with ELL and P-TEFb complex along with a modest reduction in the AF9 interaction (compare lanes 4 and lanes 3). Since we do not yet know whether the immobilized AFF1 is fully acetylated, the partial loss of SEC components with AFF1 could reflect incomplete AFF1 acetylation. These effects are specific, since, in a similar assay, we failed to observe any effect of AFF1 acetylation on its interaction with Pol II CTD repeats ([*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). Therefore, based on all of the collective data, we conclude that p300-mediated site-specific acetylation of AFF1 reduces its interaction with SEC components both in vitro and within mammalian cells.

Acetylated AFF1 Directly Inhibits P-TEFb−Mediated Pol II CTD Phosphorylation. {#s7}
-----------------------------------------------------------------------------

Among all of the SEC components, enzymatic activity is restricted to the P-TEFb complex that phosphorylates the Pol II CTD repeats, as well as DSIF and NELF components, to regulate transcriptional elongation ([@r35]). Our previous study showed the formation of a minimal AFF1⋅P-TEFb trimeric complex mediated by a direct interaction between CyclinT1 and AFF1 ([@r15]). Based on our demonstration (above) of a reduced P-TEFb interaction upon AFF1 acetylation, we asked whether acetylation of AFF1 would have any effect on P-TEFb−mediated Pol II CTD phosphorylation. Using a purified recombinant GST-CTD repeat substrate and a purified P-TEFb that was reconstituted in Sf9 cells ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)), we observed that recombinant AFF1 dramatically increased P-TEFb−mediated CTD Ser5 phosphorylation, but not CTD Ser2 phosphorylation ([Fig. 4*H*](#fig04){ref-type="fig"}, lane 2 vs. lanes 3 to 5). Notably, the acetylation of AFF1 completely abolished its stimulatory effect on Ser5 phosphorylation by P-TEFb. We also observed a modest but reproducible inhibitory effect of acetylated AFF1 on P-TEFb−mediated Ser2 phosphorylation. Since autophosphorylation of CDK9 at Thr186 residue in the T-loop region is important for P-TEFb activity ([@r36]), we asked whether the reduction of P-TEFb kinase activity by acetylated AFF1 is an indirect effect of CDK9 autophosphorylation. However, as shown in [*SI Appendix*, Fig. S2*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental), acetylated AFF1 did not significantly affect Thr186 autophosphorylation as monitored by a Thr186 phosphorylation-specific antibody. Based on these observations, we asked whether, as predicted, overexpression of the acetylation mimic mutant of AFF1 (K972Q, K973Q) would inhibit global CTD phosphorylation within mammalian cells. Consistent with this hypothesis, we observed a significant reduction of global Pol II Ser2 and Ser5 phosphorylation upon overexpression of the acetylation mimic mutant, but not WT, AFF1 ([Fig. 4*I*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S2*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). Thus, we conclude that site-specific acetylation of AFF1 by p300 directly inhibits global Pol II CTD phosphorylation at Ser2 and Ser5 residues.

AFF1 Regulates Expression of a Diverse Set of Genes. {#s8}
----------------------------------------------------

Our findings that p300-mediated AFF1 acetylation results in a reduced AFF1 interaction with SEC components as well as a global reduction of Pol II CTD Ser2 and Ser5 phosphorylation suggested that this acetylation event would directly inhibit transcription of target genes. To address this issue, we initially sought to identify AFF1-regulated target genes and noted an earlier study showing an effect of AFF1 knockdown on global RNA expression in HeLa cells ([@r34]). To determine whether similar targets would also be affected in our experimental setup, we generated lentiviruses that stably knock down AFF1 expression in 293T cells ([Fig. 5*A*](#fig05){ref-type="fig"}). Using 2 of these knockdowns, our RNA analyses showed reduced expression of several of the previously identified ([@r34]) target genes that were tested ([Fig. 5*B*](#fig05){ref-type="fig"}). The lack of an effect of AFF1 depletion on expression of interacting partner proteins in the SEC ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)) rules out an indirect effect of AFF1 knockdown through reduced expression of these components. Interestingly, the majority of the tested AFF1 target genes that were affected, including *CDKN1B*, *CCND1*, *CDK8*, and *CDKN2C*, are involved in regulation of the cell cycle and cell proliferation. Consistent with these results, AFF1 knockdown cells showed reduced proliferation and colony formation ability as shown in [*SI Appendix*, Fig. S3 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental), respectively.

![AFF1 regulates expression of a diverse set of genes. (*A*) shRNA-mediated knockdown of AFF1 protein in 293T cells. Cells were transfected with indicated shRNAs, and AFF1 was monitored by immunoblot. (*B*) Effect of AFF1 knockdown by 2 different shRNAs on gene expression. The 293T cells were transfected with indicated shRNAs, and expression of indicated target genes was monitored by RT-qPCR. The significance of differences in expression is shown for knockdown cells relative to control scramble cells. (*C*--*G*) Effect of AFF1 knockdown on recruitment of target factors to TSS regions. The 293T cells were transfected with indicated shRNAs (bottom), and recruitment of indicated factors (right) to indicated target genes (top) was monitored by ChIP-qPCR. The significance of differences in recruitment is shown for knockdown cells relative to control scramble cells. (*H*) Effect of AFF1 knockdown on Pol II accumulation within coding regions. Pol II association (∼2 kb downstream of TSS) was monitored by ChIP-qPCR analyses of selected genes (indicated on right side of *I*).The significances of differences in Pol II association are shown for knockdown cells relative to control scramble cells. (*I*) Pausing indices of Pol II (ratio of total Pol II at TSS/coding region) for indicated genes (right) in control (scramble) versus AFF1 knockdown cells. In all experiments, error bar represents mean ± SD, and statistical analyses were performed using one-tailed Student's *t* test wherein \* denotes *P* ≤ 0.05, \*\* denotes *P* ≤ 0.01, \*\*\* denotes *P* ≤ 0.001.](pnas.1907097116fig05){#fig05}

To further understand the role of AFF1 in the regulation of target gene expression, and to identify direct target genes, we performed ChIP analysis for SEC components on a few of the target genes that showed reduced RNA expression upon AFF1 knockdown. As expected for direct target genes, AFF1 knockdown resulted in reduced AFF1 recruitment to these genes ([Fig. 5 *C--G*](#fig05){ref-type="fig"}, row 1). Interestingly, and consistent with a role for AFF1 as a scaffolding protein for SEC assembly, a reduced recruitment of CDK9 and ELL at the TSS regions of the tested genes was also observed ([Fig. 5 *C--G*](#fig05){ref-type="fig"}, rows 2 and 3). Consistent with a role for P-TEFb recruitment in the release of promoter-proximal paused Pol II ([@r37]), the analyses also showed significant increases in Pol II at the TSS regions of target genes upon AFF1 knockdown ([Fig. 5 *C--G*](#fig05){ref-type="fig"}, row 4). However, in the same ChIP analyses, we observed significant reductions in the CTD Ser2 and Ser5 phosphorylated forms of Pol II at the TSS regions of target genes ([Fig. 5 *C--G*](#fig05){ref-type="fig"}, rows 5 and 6). Since CTD Ser2 and Ser5 phosphorylated forms of Pol II are a reflection of active transcription, a reduction of this signature is another indication of paused Pol II. Consistent with this interpretation, our ChIP analyses further showed reduced levels of Pol II within the coding regions of the tested genes upon AFF1 knockdown ([Fig. 5*H*](#fig05){ref-type="fig"}). In fact, pausing index analyses (total amount of Pol II present at the TSS/coding region) clearly indicated strong increases of Pol II pausing upon AFF1 knockdown ([Fig. 5*I*](#fig05){ref-type="fig"}). Therefore, based on these data, we conclude that human AFF1 regulates the recruitment of SEC components, including P-TEFb, for the release of paused Pol II from TSS regions for transcriptional activation. AFF1 knockdown thus leads to reduced recruitment of SEC components, including P-TEFb, and increases pausing at TSS regions. These results in 293T cells are in general agreement with published results for other target genes in other cell types ([@r34]) and set the stage for analysis of effects of AFF1 acetylation (below).

Site-specific AFF1 Acetylation Directly Inhibits SEC Component Recruitment and Target Gene Activation. {#s9}
------------------------------------------------------------------------------------------------------

After identifying AFF1 target genes that showed AFF1-dependent SEC recruitment and transcriptional activation in 293T cells, we assessed the effect of AFF1 acetylation on overall factor recruitment and target gene expression. In initial analyses, we restored expression of AFF1 (both WT and the K972Q, K973Q acetylation mimic mutant) in AFF1 knockdown cells through their overexpression ([Fig. 6*A*](#fig06){ref-type="fig"}). Subsequent RNA analyses showed restoration of target gene expression upon reexpression of WT AFF1 but not with the control empty vector (EV) ([Fig. 6*B*](#fig06){ref-type="fig"}, compare EV and WT AFF1). Interestingly, although the ectopic AFF1 acetylation mimic mutant was expressed at a level similar to that of ectopic WT AFF1 ([Fig. 6*A*](#fig06){ref-type="fig"}), it failed to restore transcription of tested target genes and thus indicates a negative role for AFF1 acetylation in target gene activation.

![AFF1 acetylation mimic mutant (K972Q, K973Q) fails to restore transcription of target genes in AFF1 knockdown cells. (*A*) Restoration of AFF1 expression, monitored by immunoblot, in AFF1 knockdown cells by overexpression of WT and mutant AFF1 proteins. (*B*) Effect of WT versus acetylation mimic mutant (K972Q, K973Q) AFF1 on expression of indicated target genes, monitored by qRT-PCR, in AFF1 knockdown cells. The significance of differences in expression for WT versus mutant AFF1 in AFF1 knockdown cells is shown relative to control EV. (*C*--*E*) Effect of WT versus acetylation mimic mutant (K972Q, K973Q) AFF1 expression on recruitment of target factors, monitored by ChIP-qPCR, to TSS regions of indicated target genes in AFF1 knockdown cells. The significance of differences in factor recruitment by WT versus mutant AFF1 in AFF1 knockdown cells is shown relative to control EV. In all experiments, the error bar represents mean ± SD, and statistical analyses were performed using one-tailed Student's *t* test wherein \* denotes *P* ≤ 0.05, \*\* denotes *P* ≤ 0.01, \*\*\* denotes *P* ≤ 0.001, and ns denotes not significant.](pnas.1907097116fig06){#fig06}

Since our in vitro and in vivo assays showed reduced interactions of AFF1 with its cognate SEC partners upon acetylation, we asked whether the AFF1 K972Q, K973Q acetylation mimic mutant would similarly reduce recruitment of interacting SEC partners and thus cause reduced expression of target genes. In further analyses with AFF1 knockdown cells, which showed reduced AFF1, CDK9 and ELL recruitment as observed above ([Fig. 5 *C--G*](#fig05){ref-type="fig"}), ChIP analyses showed that, consistent with the RNA analyses of [Fig. 6*B*](#fig06){ref-type="fig"}, re-expression of WT AFF1, but not an EV, restored recruitment of AFF1 and SEC components ELL and CDK9 ([Fig. 6 *C--E*](#fig06){ref-type="fig"}, compare EV and WT AFF1). The restored levels of recruited factors were similar to the levels of recruited factors in the scrambled short hairpin RNA (shRNA) control cells, further indicating a critical role for AFF1 in overall regulation of SEC recruitment at the TSS regions of target genes. Interestingly, the ectopic AFF1-mediated restoration of SEC recruitment in AFF1 knockdown cells also resulted in increased levels of the CTD Ser2 and Ser5 phosphorylated forms of Pol II and a reduced level of paused Pol II at TSS regions ([Fig. 6 *C--E*](#fig06){ref-type="fig"}). Thus, we conclude that the expression of these target genes is critically dependent on AFF1 through its facilitation of the recruitment of SEC components, including P-TEFb, for release of paused Pol II from TSS regions.

In complementary studies that are consistent with, and support, the results of the WT AFF1 interaction and expression analyses, reexpression of the AFF1 acetylation mimic (K972Q, K973Q) mutant in AFF1 knockdown cells failed to restore recruitment of SEC components, exemplified by ELL and CDK9, at the target genes ([Fig. 6 *C--E*](#fig06){ref-type="fig"}, EV vs. AFF1 \[K972Q, K973Q\]). Expression of the AFF1 acetylation mimic mutant in AFF1 knockdown cells also failed to restore Pol II CTD Ser2 and Ser5 phosphorylation and thus had little effect on release of paused Pol II. Further, consistent with the differential effects of WT AFF1 versus the acetylation mimic mutant on restoration of factor recruitment and target gene expression in AFF1 knockdown cells, we observed restoration of proliferation and colony formation defects of AFF1 knockdown cells upon reexpression of WT AFF1, but not the acetylation mimic mutant ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). Therefore, based on our detailed biochemical and cell-based assays, we conclude that p300-mediated acetylation of 2 key residues (K972 and K973) in AFF1 results in a reduced interaction of AFF1 with other SEC components as well as a reduced phosphorylation of Pol II CTD Ser2 and Ser5 residues, with consequent reductions in target gene transcription.

AFF1 Is Dynamically Acetylated during Genotoxic Stress Response. {#s10}
----------------------------------------------------------------

To assess the physiological significance of AFF1 acetylation-mediated transcriptional inhibition in cellular functions, we turned our attention to genotoxic stress-dependent transcriptional repression. Substantial evidence suggests that, upon exposure to genotoxic reagents, mammalian cells initially respond by inhibiting global transcription for proper repair of DNA lesions through efficient recruitment of the repair machinery ([@r1][@r2]--[@r3], [@r38]). Transcription inhibition also reduces collisions between elongating Pol II and engaged DNA repair machineries. Since acetylation of both histone and nonhistone proteins is involved in dynamic and temporal regulation of functions of transcription factors ([@r28]), we asked whether AFF1 acetylation could also play a role in the dynamic regulation of global transcription during exposure to genotoxic stress. We initially tested whether ectopic AFF1 is acetylated in mammalian cells during exposure to genotoxic reagents such as doxorubicin and camptothecin (DNA topoisomerase inhibitors). The 293T cells were transfected with a FLAG-AFF1 expression plasmid and subjected to doxorubicin treatment for different time periods. As shown in [Fig. 7*A*](#fig07){ref-type="fig"}, ectopic FLAG-AFF1 showed increased acetylation as early as 2 h after doxorubicin treatment. This acetylation is dynamic in nature, since the level of acetylation dropped to the normal level by 8 h. The increased AFF1 acetylation is not specific to doxorubicin, since a similar analysis with camptothecin treatment also showed dynamic AFF1 acetylation ([*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). Notably, the absence of a similar acetylation signal in a parallel experiment using the AFF1 (K972R, K973R) mutant confirmed K972 and K973 as key targets for this induced acetylation event ([Fig. 7 *A*](#fig07){ref-type="fig"}, *Bottom*). Consistent with our earlier observation that acetylation of AFF1 reduces its interactions with other SEC components ([Fig. 4](#fig04){ref-type="fig"}), we also found that the dynamic AFF1 acetylation was accompanied by concomitant reduction in AFF1 interactions with SEC components ELL and CDK9 ([Fig. 7*B*](#fig07){ref-type="fig"}, lane 1 vs. lanes 2 to 4). As further evidence that the doxorubicin-induced acetylation of AFF1 in cells is mediated by p300, stable shRNA-based p300 knockdown cells ([*SI Appendix*, Fig. S5*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)) showed significantly reduced acetylation of ectopic FLAG--AFF1 relative to control cells upon doxorubicin treatment ([Fig. 7 *C*](#fig07){ref-type="fig"}, *Top* vs. *Bottom*).

![Transcription-coupled dynamic AFF1 acetylation by p300 inhibits transcription during genotoxic stress. (*A*) Effect of doxorubicin on dynamic acetylation of WT AFF1 (*Top*) versus acetylation-defective mutant (K972R, K973R) AFF1 (*Bottom*). The 293T cells were transfected with indicated plasmids and treated for indicated times. AFF1 acetylation was assessed by immunoblot of anti-FLAG immunoprecipitates using pan-acetyl lysine-specific antibody. (*B*) Effect of dynamic AFF1 acetylation on AFF1 interactions with SEC components. The 293T cells were transfected with indicated plasmids and treated with doxorubicin for indicated times. Interactions were assessed by immunoblot of anti-FLAG immunoprecipitates with indicated antibodies. (*C*) Effect of p300 knockdown on doxorubicin-induced dynamic AFF1 acetylation. AFF1 acetylation was monitored by immunoblot in p300 knockdown (*Bottom*) and control scramble (*Top*) cells. (*D*) Effect of doxorubicin on endogenous AFF1 acetylation and factor association. The 293T cells were treated for indicated times, and anti-AFF1 immunoprecipitates were analyzed by immunoblot with indicated antibodies. (*E*) Effect of doxorubicin on endogenous AFF1 acetylation as evidenced by immunoprecipitation analysis using anti-acetyl lysine-specific antibody. Nuclear extracts of 293T cells treated with or without doxorubicin were immunoprecipitated using pan-acetyl lysine-specific antibody, and immunoprecipitates were analyzed by immunoblot with indicated antibodies. (*F*) Effect of doxorubicin treatment on dynamic changes in global Pol II CTD Ser2 and Ser5 phosphorylation. The 293T cells were treated for the indicated times, and lysates were analyzed by immunoblot with indicated antibodies. (*G*) Effect of transcription inhibition on doxorubicin-mediated dynamic AFF1 acetylation. The 293T cells were transfected with a vector expressing FLAG-HA-AFF1 and treated with either DMSO or flavopiridol and doxorubicin as indicated. Anti-FLAG immunoprecipitates were analyzed by immunoblot with indicated antibodies. (*H*) Effect of doxorubicin on nascent RNA synthesis. HeLa cells were treated for indicated times (*Top*) and imaged for 5-EU incorporation (*Left*) or H4 (*Right*). Quantitated data for nascent RNA synthesis (*Bottom*) represent averages of 100 cells monitored for each time period. (*I*) Effect of ectopic expression of WT versus mutant (nonacetylatable) forms of AFF1 on nascent RNA synthesis. HeLa cells were transfected with indicated plasmids and imaged (*Top*). Quantitated data for nascent RNA synthesis (*Bottom*) represent averages of 100 cells monitored for each time period. In all experiments, the error bar represents mean ± SD. *P* values were calculated using one-tailed Student's *t* test and ns denotes not significant.](pnas.1907097116fig07){#fig07}

To further validate the above results based on ectopic AFF1 acetylation, we also tested for doxorubicin-induced acetylation of endogenous AFF1. The 293T cells were treated with doxorubicin, and endogenous AFF1 was immunoprecipitated with AFF1-specific antibody. In support of the results with ectopic AFF1, a subsequent immunoblot of the immunoprecipitated AFF1 showed that endogenous AFF1, like ectopic AFF1, is also dynamically acetylated upon exposure to doxorubicin ([Fig. 7*D*](#fig07){ref-type="fig"}, acetyl lysine blot in IP lanes). As observed for ectopic AFF1 acetylation, the dynamic doxorubicin-induced acetylation of endogenous AFF1 also resulted in reduced interaction of AFF1 with SEC components ([Fig. 7*D*](#fig07){ref-type="fig"}, compare lane 6 with lanes 7 and 8 of IP samples). Consistent with an increase in endogenous AFF1 acetylation upon doxorubicin treatment, a further immunoprecipitation analysis using a pan-acetyl lysine-specific antibody showed a significant increase in coimmunoprecipitated AFF1 in nuclear extract from doxorubicin-treated cells relative to nuclear extract from control cells ([Fig. 7*E*](#fig07){ref-type="fig"}, compare lane 5 and lane 6). A subsequent analysis showed a modestly increased p300 interaction with AFF1 around 2 h after doxorubicin treatment ([*SI Appendix*, Fig. S5*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). This increased p300 interaction occurs just prior to the time at which maximal AFF1 acetylation is observed, suggesting that the mechanism underlying dynamic AFF1 acetylation may involve a DNA damage-regulated p300−AFF1 interaction. Further, consistent with a role for acetylated AFF1 in reducing global Pol II CTD Ser2 and Ser5 phosphorylation by the P-TEFb component of SEC, we also observed a global reduction of Pol II CTD Ser2 and Ser5 phosphorylation upon doxorubicin treatment around a time window similar to that for AFF1 acetylation ([Fig. 7*F*](#fig07){ref-type="fig"}). Notably, and consistent with earlier reports ([@r5][@r6]--[@r7]), we also observed a reduction in the total level of Pol II at different time points upon doxorubicin treatment ([Fig. 7*F*](#fig07){ref-type="fig"}). However, upon normalization to total Pol II, we observed a stronger correlation of reduced Ser2 phosphorylation, relative to reduced Ser5 phosphorylation, with acetylation of AFF1 ([Fig. 7*F*](#fig07){ref-type="fig"} and [*SI Appendix*, Fig. S5*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). Therefore, based on all of the analyses in [Fig. 7 *A--F*](#fig07){ref-type="fig"}, we conclude that human AFF1 is dynamically acetylated within mammalian cells upon exposure to genotoxic reagents and that this acetylation reduces AFF1 interactions with other SEC components and, thus, could potentially play a role in transcriptional regulation.

Dynamic AFF1 Acetylation Is Required for Transcriptional Inhibition and Cell Survival upon Exposure to Genotoxic Reagents. {#s11}
--------------------------------------------------------------------------------------------------------------------------

Toward assessing whether dynamic AFF1 acetylation has any role in regulating transcription, we initially tested whether doxorubicin-induced AFF1 acetylation is dependent on ongoing transcription. To this end, 293T cells were treated with flavopiridol (P-TEFb inhibitor) to inhibit transcription before doxorubicin treatment. Notably, whereas control dimethyl sulfoxide (DMSO) treatment had little effect on dynamic AFF1 acetylation upon doxorubicin treatment, prior flavopiridol treatment completely abolished AFF1 acetylation upon doxorubicin treatment ([Fig. 7*G*](#fig07){ref-type="fig"}, lanes 2 to 4 vs. lanes 6 to 8). Thus, the dynamic doxorubicin-induced AFF1 acetylation is transcription-coupled and requires active transcription. Since the inhibited P-TEFb function is likely at the level of transcription elongation, we hypothesized that dynamic AFF1 acetylation could be an active mechanism of transcriptional inhibition upon sensing of a DNA lesion by the elongating transcription machinery. To address this point, we initially tested the dynamics of transcription in cells after doxorubicin treatment by measuring nascent RNA transcripts through pulse labeling with the uracil analog 5-ethynyl uridine (5-EU) at different time points. Consistent with an earlier report of transcriptional inhibition upon UV treatment ([@r39]), we observed a significant down-regulation of nascent RNA transcripts from 2 h onward, whereas control cells showed no reduction in overall transcription ([Fig. 7*H*](#fig07){ref-type="fig"}, compare *Left* and *Right*). Notably, the kinetics of transcriptional inhibition is also correlated well with the kinetics of AFF1 acetylation, with maximal transcription inhibition and AFF1 acetylation around similar time points. Interestingly, cells expressing ectopic AFF1 also showed reduced transcriptional activity upon doxorubicin treatment ([Fig. 7*I*](#fig07){ref-type="fig"}, compare cells with AFF1 (WT) and cells with EV. Most interestingly, cells with ectopic expression of the acetylation-defective AFF1 (K972R, K973R) mutant failed to show any reduction in transcriptional inhibition and, in fact, showed a time-dependent increase in nascent RNA transcription ([Fig. 7*I*](#fig07){ref-type="fig"}, compare cells with AFF1 (WT) and AFF1 (K972R, K973R)). The increased transcriptional activity cannot be attributed to differential AFF1 and AFF1 mutant expression, since both were expressed at similar levels ([*SI Appendix*, Fig. S5*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)). These results argue strongly for a role of site-specific AFF1 acetylation in overall transcriptional inhibition within mammalian cells upon exposure to genotoxic stress. Consistent with a role for p300-mediated AFF1 acetylation in negative regulation of transcription upon exposure to genotoxic stress, p300 knockdown cells ([*SI Appendix*, Fig. S5*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)) failed to show decreased transcriptional activity (as measured by nascent RNA transcription) at various time points following doxorubicin treatment ([*SI Appendix*, Fig. S5*G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)) when compared to control (scramble shRNA) cells.

Next, we asked whether dynamic AFF1 acetylation-mediated transcriptional inhibition might be a prerequisite for subsequent DNA repair and thus lead to cell survival. We initially tested whether AFF1 knockdown cells showed any reduced colony formation ability after doxorubicin treatment. As shown in [*SI Appendix*, Fig. S5*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental), AFF1 knockdown results in a dramatic decrease in cell viability after doxorubicin treatment. Consistent with a potential requirement for the reduced transcription for a proper DNA repair response for cell survival, reexpression of WT AFF1 in AFF1 knockdown cells showed increased survival relative to reexpression of acetylation-defective AFF1(K972R, K973R) upon doxorubicin treatment at 2 different concentrations ([*SI Appendix*, Fig. S5*I*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)).

Discussion {#s12}
==========

The major finding of our study is the identification of a dynamic, p300-mediated acetylation of AFF1 that alters SEC assembly and function, resulting in transcription inhibition, during exposure of cells to genotoxic stress. The mechanistic basis for this inhibition relates to the key role of AFF1 as a scaffold for overall assembly of a functional SEC complex with elongation factors P-TEFb, ELL, and other components ([@r13], [@r15], [@r24], [@r25], [@r27]). Consistent with this idea, we have confirmed a direct interaction between AFF1 and other key SEC components. These results necessitate further consideration of AFF1 as a key player in SEC-mediated transcriptional control. The identification of 2 AFF1 lysine residues as essential targets for p300-mediated acetylation, along with the ability of corresponding acetylation mimic mutants to recapitulate the inhibitory functions of AFF1 acetylation, further establishes the potential for AFF1 acetylation to modulate the normal function of SEC in transcriptional activation. Importantly, an increase in cellular AFF1 acetylation upon genotoxic stress, as well as an acetylation-dependent response, further signifies a role for this mechanism in global transcription inhibition during a stress response. A corresponding model is presented in [*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental).

Although multiple mechanisms have been described for transcriptional repression during genotoxic stress response, including an inhibition of transcription initiation ([@r8]), a role for elongation factors in the associated dynamic transcriptional regulation has not been appreciated. Since the human SEC plays a major role in controlling transcription elongation ([@r18]), dynamic regulation of elongation through posttranslational modification of SEC components is an attractive model for overall transcriptional control during genotoxic stress. Consistent with this idea, a recent study has shown that ATM-mediated phosphorylation of ENL serves to recruit the PRC1 complex for transcriptional repression at DSB sites ([@r23]). Our results thus point to another reversible modification (acetylation) of a key SEC component, AFF1, for global transcriptional down-regulation during genotoxic stress. This regulation is clearly dynamic, as evidenced by the reversibility of AFF1 acetylation during early stages of exposure to genotoxic reagents ([Fig. 7](#fig07){ref-type="fig"}). Once inhibition of transcription is established through AFF1 acetylation, potentially in collaboration with other mechanisms, this acetylation is decreased. This observation further suggests a possible role for AFF1-mediated SEC assembly for restarting transcription after completion of repair. Indeed, ELL, a known elongation factor within SEC, has been shown to have important roles in transcription restart after UV-induced global DNA DSB repair ([@r22]). Notably, the dynamic regulation of AFF1 acetylation during doxorubicin exposure is transcription-dependent, since transcription inhibition by flavopiridol completely blocks AFF1 acetylation. Further, the correlation of AFF1 acetylation with a greater down-regulation of P-TEFb−mediated CTD Ser2 phosphorylation, relative to CTD Ser5 phosphorylation, suggests a direct role for AFF1 acetylation in this regulation.

Our results suggest a role for histone deacetylases in restoring postrepair transcription through AFF1 deacetylation events that could restore AFF1-dependent SEC assembly. As precedent for this idea, deacetylation of SEC component CDK9 by SirT2 and SirT7 has been shown to activate transcription ([@r40], [@r41]). Of note is that a few reports have shown a selective role of Class I HDAC inhibitors in regulating the growth potential of MLL-AF4 cell lines ([@r42], [@r43]). These observations raise the possibility of a role for HDAC1 and HDAC2 in the dynamic AFF1 acetylation associated genotoxic stress response.

How does site-specific AFF1 acetylation affect the overall ability of AFF1 to both interact with SEC components and inhibit P-TEFb−mediated CTD phosphorylation activity? Our observation that the acetylation mimic mutant is able to recapitulate the functions of acetylated WT AFF1 clearly suggests that acetylation alone is sufficient for this regulation. Potentially related is that recent studies suggest that phase separation mechanisms may play important roles in the dynamic regulation of multiprotein associations for biological functions ([@r44][@r45]--[@r46]). Since posttranslational modifications of interacting proteins have been shown to play an important role in the regulation of this differential phase separation ([@r47]), it is highly possible that AFF1 proteins may also be subjected to a phase separation mechanism for regulating SEC assembly based on the prediction (IUPred2a \[<https://iupred2a.elte.hu/>\]) of significant disordered regions in AFF1 that could enhance phase separation and SEC function ([*SI Appendix*, Fig. S5*J*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental)).

Although early biochemical and cell-based assays had suggested similar functions for AFF1 and its paralogue AFF4, more recent studies have established that they can be independently incorporated into distinct SEC complexes in cells and may directly regulate expression of distinct sets of genes ([@r34]). Our finding that AFF1 is specifically acetylated by p300, whereas AFF4 is not, further supports the notion of nonidentical functions for AFF1- versus AFF4-containing SEC complexes and, especially, differences in their regulation in various cellular processes. It also is notable that, among all SEC components, AFF1 is the most frequent fusion partner of the MLL protein in acute lymphoblastic leukemia and that MLL--AFF4 fusions are rare ([@r48]). Since the herein characterized acetylatable lysines in AFF1 are maintained in the leukemogenic MLL--AFF1 fusion proteins, our results raise the possibility of MLL--AFF1 acetylation and either a general role in the various (infant, pediatric, and adult) leukemias or potentially differential acetylation-related functions in these different leukemias. Since the MLL--AFF1 fusion proteins are thought to function through incorporation into corresponding SEC complexes ([@r14]), which may be recruited through MLL-related mechanisms, it will be important to determine whether MLL--AFF1 is indeed acetylated in MLL--AFF1 leukemia, whether the N-terminal MLL fragment modulates acetylation of the AFF1 fragment, and whether acetylation, if present, also regulates the function of the MLL--AFF1--SEC complex.

Materials and Methods {#s13}
=====================

Details of materials regarding a list of plasmids, primers for RNA and ChIP analyses, and antibodies used for our study can be found in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental). Further, methods detailing cell culture techniques, recombinant protein purification, nuclear extract preparation, RNA analysis, ChIP analysis, immunoblot analyses, in vitro interaction analyses, and cell proliferation techniques can also be found in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907097116/-/DCSupplemental).
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